Background: Coffee has been reported to be rich in antioxidants, with both acute and chronic consumption leading to enhanced blood antioxidant capacity. High-fat feeding is known to result in excess production of reactive oxygen and nitrogen species, promoting a condition of postprandial oxidative stress. Methods: We tested the hypothesis that coffee intake following a high-fat meal would attenuate the typical increase in blood oxidative stress during the acute postprandial period. On 3 different occasions, 16 men and women consumed a high-fat milk shake followed by either 16 ounces of caffeinated or decaffeinated coffee or bottled water. Blood samples were collected before and at 2 and 4 hours following intake of the milk shake and analyzed for triglycerides (TAG), malondialdehyde (MDA), hydrogen peroxide (H 2 O 2 ), and Trolox equivalent antioxidant capacity (TEAC). Results: Values for TAG and MDA (P , 0.001), as well as for H 2 O 2 (P , 0.001), increased significantly following milk shake consumption, with values higher at 4 hours compared with 2 hours post consumption for TAG and H 2 O 2 (P , 0.05). TEAC was unaffected by the milk shake consumption. Coffee had no impact on TAG, MDA, H 2 O 2 , or TEAC, with no condition or interaction effects noted for any variable (P . 0.05). Conclusions: Acute coffee consumption following a high-fat milk shake has no impact on postprandial oxidative stress.
in some studies (reviewed in Di Castelnuovo et al 20 ) and may indicate a potential for coffee to attenuate postprandial oxidative stress. [21] [22] [23] Although all types of coffee contain relatively high concentrations of antioxidants, 24, 25 caffeinated coffee may possess even greater antioxidant activity. Specifically, caffeine is noted to have antioxidant properties, 26, 27 and caffeinated coffee has been recently reported to attenuate lipid and protein oxidation in rat tibialis anterior muscle following exercise. 28 That said, caffeine intake is also known to acutely elevate blood fatty acid concentrations, 29 which may lead to increased lipid peroxidation in the presence of high concentrations of RONS (as observed following high-fat meal intake). 30 Hence, it is possible that any potential antioxidant effect of caffeine may be counteracted by the increased propensity for lipids to be oxidized following high-fat feeding.
The purpose of this study was to determine the effect of coffee intake on postprandial oxidative stress. We hypothesized that intake of both caffeinated and decaffeinated coffee would attenuate oxidative stress. Considering that individuals often consume coffee in conjunction with meals that are high in fat and/or simple sugar-such as eggs, bacon, bagels, donuts, and other breakfast and dessert foods-the potential ability of coffee intake to minimize postprandial oxidative stress may have implications for many people.
Materials and Methods

Subjects and screening (first laboratory visit)
Subjects were recruited by word of mouth and recruitment flyers from the University of Memphis campus and the local Memphis community. Subjects were required to be healthy at the time of enrollment, without a history of cardiovascular or metabolic disease. In addition, no subject smoked cigarettes, nor did any subject use medications or dietary supplements throughout the study period that may have impacted the outcome measures. No requirements were placed on subjects with regard to daily coffee consumption,
Introduction
Reactive oxygen and nitrogen species (RONS) is an umbrella term that encompasses oxygen radicals, nitrogen radicals, and their nonradical derivatives. 1 Although RONS can perform useful functions such as initiating cellular signaling and defending against harmful agents, an overexpression of this species can cause damage to lipids, protein, DNA, and other molecules. 2 To prevent this, organisms are equipped with antioxidant defense systems that scavenge RONS. However, the balance between RONS expression and antioxidant scavenging can become disturbed if RONS production is increased and/or the antioxidant defense system is weakened. 3 This undesirable phenomenon, which is referred to as "oxidative stress," has been linked to over one hundred diseases as well as the aging process. 2, 4 Several conditions have been demonstrated to induce oxidative stress, including physical exercise 5 and exposure to various pollutants such as cigarette smoke, 6 radiation, 7 and ozone. 8 Another stressor that may be a more frequent cause of oxidative stress for many individuals is the metabolism of a high-fat and/ or high-carbohydrate meal. 9 Such metabolism floods the circulatory and peripheral tissues with substrate, and the processing of these substrates overwhelms the mitochondrial electron transport chain. This accelerates electron leakage and subsequent superoxide formation, which in turn initiates a cascade of events that culminates in additional RONS formation. 10 The excessive RONS formation and subsequent oxidative damage caused by this metabolism of foodstuff is termed "postprandial oxidative stress." Such dysmetabolism is thought to be involved in the pathogenesis of human disease, including insulin resistance 11 and cardiovascular disease. 12, 13 Antioxidant intake is thought to decrease oxidative stress, with foods and nutritional supplements containing antioxidants often recommended for this purpose. The reduction in oxidative stress following antioxidant intake has been shown to occur both in the fasted 14 and postprandial state. 15 Coffee is a beverage that has been reported to increase blood antioxidant capacity following both acute 16 and chronic intake. 17 Coffee is rich in antioxidants, 18 including chlorogenic acid, melanoidins, and hydroxycinnamic acids. 19 This may help explain the j-shaped relationship between daily coffee intake and cardiovascular risk observed and stethoscope), a fasting blood sample was taken. Subjects then consumed the test meal (milk shake) as described below.
The test meal consisted of a milk shake made with a combination of whole milk, ice cream (Breyers "all natural" vanilla), and heavy whipping cream. As we have done previously, 31, 32 the size (dietary energy) of the milk shake was determined based on subjects' body weight, providing 0.8 grams of fat, 1.0 gram of carbohydrate, and 0.25 grams of protein per kilogram of body weight. This provided approximately 12.2 kilocalories/kilogram of body weight (eg, a subject weighing 70 kilograms would consume a milk shake containing 854 kilocalories), yielding an energy content similar to milk shakes provided in many commercial establishments. The lipid content of the milk shake was similar to what we have used in 2 prior studies of postprandial oxidative stress 31, 32 and less than that used in some of our other work. 33, 34 Subjects were allowed a maximum of 15 minutes to completely consume the milk shake. One subject who was mildly lactose intolerant was given a standard dose (9000 FCC lactase units) of lactase enzyme. Blood was again collected from subjects at 2 and 4 hours following intake of the milk shake (time started as soon as subjects began consuming the milk shake). Heart rate and blood pressure was also measured at these times. Subjects remained in the lab during this 4-hour period and expended little energy (ie, watched movies, worked on the computer, etc). No additional meals or calorie-containing beverages were allowed during this period. However, water was allowed ad libitum, in addition to the 16 ounces of water (or coffee) provided below.
Following milk shake consumption on each of the 3 visits, subjects consumed either 16 ounces of freshly brewed caffeinated or decaffeinated coffee (black, unsweetened) or 16 ounces of bottled water. The order of assignment on the 3 days of testing was random, using a crossover design, that is, each subject received all 3 conditions (caffeinated coffee, decaffeinated coffee, water) over the course of the study period. The caffeinated coffee and decaffeinated coffee provided approximately 175 mg and 15 mg of caffeine, respectively. Medium roast coffee beans (Eight O-Clock Coffee Company, Montvale, NJ) were ground (approximate total of 30 grams of beans per 16 ounce serving of coffee) and each serving of intake, 14 ounces) and 7 of whom did not consume coffee. All subjects completed a medical history and physical activity questionnaire prior to being enrolled. Subjects' height (using a wall-mounted stadiometer), body weight (using a medical-grade scale), body fat percentage (using Lange calipers and a 7-site skinfold test), waist and hip circumference (using a tensionregulated tape measure), heart rate (via 60 second palpation on the radial artery), and blood pressure (via upper arm blood pressure cuff and auscultation with a stethoscope) were measured and recorded. Subject characteristics are presented in Table 1 . Subjects also received diet logs and were provided with instructions on how to record food and beverage intake during the 2 days prior to each test day. During the initial visit to the lab, subjects completed all paperwork and provided written informed consent. All experimental procedures were performed in accordance with the Helsinki Declaration, and The University of Memphis Human Subjects Committee approved all experimental procedures (protocol number 062111-772).
Testing (second, third, and fourth laboratory visits)
Subjects reported to the lab on 3 different occasions separated by 5 to 8 days in a 10-hour fasted state and without having consumed caffeine during the prior 24 hours. Following the measurement of resting heart rate (60-second palpation) and blood pressure (standard auscultation procedures using a cuff 
Dietary intake and physical activity
Subjects were instructed to maintain their usual dietary intake during the entire study period. Diet records reflecting the 48-hour periods that preceded each test day were analyzed (Food Processor SQL, version 9.9, ESHA Research, Salem, OR). Subjects were asked to refrain from strenuous physical activity for the 48 hours prior to each test day, but they were instructed to otherwise maintain their usual physical activity during the entire course of the study.
Statistical analysis
Data were analyzed using a 3 (condition) × 3 (time) analysis of variance. Significant effects were further analyzed using Tukey post hoc tests. All analyses were performed using JMP statistical software (version 4.0.3, SAS Institute, Cary, NC). Statistical significance was set at P , 0.05 (two tailed). Data are presented as mean ± standard error of the mean (SEM).
Results
A total of 16 subjects successfully completed all aspects of the study. However, we did not include the data from one male subject in our analysis because this subject had a mean fasting TAG concentration that was an outlier compared with the values of the remaining subjects (573 mg•dL −1 ). No component of dietary intake was different for subjects across conditions (P . 0.05, Table 2 ). Heart rate and blood pressure were not impacted by the milk shake and not different for any condition (P . 0.05, Fig. 1 panels A-C) .
TAG values increased significantly over time in response to the milk shake (P , 0.001). Values were higher at 2 and 4 hours post milk shake ingestion compared with pre and at 4 hours post ingestion compared coffee was brewed fresh (using bottled water) and separately in an effort to maintain a similar brew-toconsume time for each subject. Although results vary across studies, 25 and all forms of coffee beans appear to be rich in antioxidants, it has been reported that medium roast coffee beans have the highest antioxidant content. 35 This may be due in part to the fact that naturally occurring antioxidants are not significantly depleted in the roasting process and newly formed antioxidants are gained by roasting through the Maillard reaction. 36 Subjects were provided with the freshly brewed coffee 15 minutes following brewing completion-a time when the coffee's temperature did not provide discomfort to subjects. Subjects were not told whether they were given caffeinated or decaffeinated coffee on a given day; of course, many of them were able to infer which condition they received based on their bodies' response to the caffeine intake. The coffee or water was completely consumed within 15 minutes following the consumption of the milk shake.
Blood collection and biochemistry
Venous blood samples were taken from an antecubital vein via needle and Vacutainer before and at 2 and 4 hours following intake of the milk shake. Blood triglyceride (TAG) is highly responsive to high-fat feeding, and our prior work involving healthy adults indicates that the peak TAG response to a high-fat milk shake occurs at 2 hours post ingestion, with oxidative stress biomarkers peaking between 2 and 4 hours post ingestion. 34, 37 Blood samples that were collected in tubes containing EDTA were immediately centrifuged at 1500 g for 15 minutes at 4°C for collection of plasma. Blood samples that were collected in tubes containing no additives were allowed to clot at room temperature for 30 minutes and then separated by centrifugation at 1500 g for 15 minutes at 4°C for collection of serum. Plasma and serum samples were stored in multiple aliquots at −70°C until analyzed for the following variables.
Triglycerides were analyzed in serum following standard enzymatic procedures as described by the reagent manufacturer (Thermo Electron Clinical Chemistry). Malondialdehyde (MDA) was analyzed in plasma following the procedures of Jentzsch et al 38 using reagents purchased from Northwest Life . heart rate (A) and systolic (B) and diastolic (c) blood pressure of subjects before and after intake of a high-fat milk shake followed by coffee or water. Data were expressed as mean ± SeM. No differences noted for any variable (P . 0.05). TEAC was unaffected by the milk shake and not different across conditions. No time (P = 0.36), condition (P = 0.86), or interaction effects (P = 0.94) were noted. Data are presented in Figure 3 panel B.
Discussion
Our findings indicate that acute consumption of coffee has no effect on TAG, MDA, H 2 O 2 , or TEAC for up to 4 hours following the consumption of a high-fat milk shake. Whether a larger volume of coffee (and hence, antioxidant content) and/or a smaller volume of milk shake would yield different results remains unknown. Likewise, coffee ingestion at a time prior to milk shake consumption may have yielded different findings. Future study is needed to generate answers to these questions. Moreover, the inclusion of additional antioxidant biomarkers (eg, glutathione, superoxide dismutase, and catalase) and oxidative stress biomarkers (eg, isoprostanes and protein carbonyls) may have strengthened the study.
As we have reported in prior studies, intake of a high-fat milk shake causes an increase in the concentrations of both TAG and oxidative stress biomarkers. 31, 33, 34, 37 Surprisingly, the response of all variables for subjects in the present study was somewhat different than what we have noted in recent work, 34, 37 with values for TAG, MDA, and H 2 O 2 continuing to increase 4 hour postmeal rather than peaking 2 hours postmeal. This delayed TAG and oxidative stress response likely cannot be explained by the addition of coffee to the study design, as we observed a similar response for the water condition (with the exception of the TAG data, for which water resulted in similar TAG values at 2 and 4 hours postmeal). Our failure to include a longer time course of measurement in the current design is a limitation of this work, as it is possible (but not probable) that we may have observed between-group differences in TAG and oxidative stress responses at time points greater than 4 hours following milk shake ingestion. Some prior studies have reported an attenuation in postprandial oxidative stress following acute antioxidant intake. [39] [40] [41] [42] [43] These findings led us to hypothesize that coffee consumption would also attenuate postprandial oxidative stress, as coffee has been reported in one study to provide 66% of dietary antioxidant intake, 18 and is abundant in chlorogenic acid, melanoidins, and hydroxycinnamic acids. 19 On the other hand, although we do not know the exact antioxidant potential of coffee compared with antioxidant supplements, it is possible that the antioxidant content of a 16-ounce serving of coffee was too low,
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relative to the content of a typical high-potency antioxidant supplement, to affect our outcome variables.
We measured heart rate and blood pressure in the present study because we hypothesized that the RONS production induced by the milk shake would promote an acute state of endothelial dysfunction 44 and a concomitant increase in blood pressure, and we wanted to determine if the hypothesized attenuation in oxidative stress following coffee intake would prevent this rise. However, neither heart rate nor blood pressure was affected by the milk shake; hence, testing the ability of coffee to alter this response was not possible. Our line of questioning may have been more appropriately addressed if we were to include a sample of hypertensive individuals within the research design. 45 As can be viewed in Table 1 , the subjects' baseline resting heart rate and blood pressure were both within healthy norms.
Conclusion
We report for the first time that acute consumption of coffee does not affect TAG, MDA, H 2 O 2 , or TEAC for up to 4 hours following the consumption of a high-fat milk shake. Our findings suggest that coffee intake is not adequate to counteract the massive increase in RONS generated by consumption of a high-fat meal. Rather than attempting to counteract the increase in RONS following high-fat consumption with antioxidant intake, it may be more effective to reduce the oxidative insult by reducing the meal's fat content. 31, 37 Future work may (1) extend the time frame of measurement beyond the 4-hour postprandial period, (2) include a meal that is lower in fat content (so as to not overwhelm the system with RONS), (3) provide coffee at a time prior to intake of the high-fat meal, and/ or (4) consider the inclusion of a sample of subjects with known chronic disease (eg, diabetes or hypertension). Such additional experiments may help to more fully elucidate the role of coffee on attenuating postprandial oxidative stress.
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